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Abstract  With  an  improvement  in  the  temporal  and  spatial  resolution,  computed  tomography
(CT) is  indicated  in  the  evaluation  of  a  great  many  osteoarticular  diseases.  New  exploration  tech-
niques such  as  the  dynamic  CT  and  CT  bone  perfusion  also  provide  new  indications.  However,  CT
is still  an  irradiating  imaging  technique  and  dose  optimisation  and  reduction  remains  primordial.
In this  paper,  the  authors  ﬁrst  present  the  typical  doses  delivered  during  CT  in  osteoarticular
disease.  They  then  discuss  the  different  ways  to  optimise  and  reduce  these  doses  by  distin-
guishing  the  behavioural  factors  from  the  technical  factors.  Among  the  latter,  the  optimisation
of the  milliamps  and  kilovoltage  is  indispensable  and  should  be  adapted  to  the  type  of  explo-
ration and  the  morphotype  of  each  individual.  These  technical  factors  also  beneﬁt  from  recent
technological  evolutions  with  the  distribution  of  iterative  reconstructions.  In  this  way,  the  dose
may be  divided  by  two  and  provide  an  image  of  equal  quality.  With  these  dose  optimisation  and
reduction  techniques,  it  is  now  possible,  while  maintaining  an  excellent  quality  of  the  image,
to obtain  low-dose  or  even  very  low-dose  acquisitions  with  a  dose  sometimes  similar  that  of
a standard  X-ray  assessment.  Nevertheless,  although  these  technical  factors  provide  a  major
reduction in  the  dose  delivered,  behavioural  factors,  such  as  compliance  with  the  indications,
remain fundamental.  Finally,  the  authors  describe  how  to  optimise  and  reduce  the  dose  with
speciﬁc  applications  in  musculoskeletal  imaging  such  as  the  dynamic  CT,  CT  bone  perfusion  and
dual energy  CT.
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Since  its  introduction  in  the  1970s,  computer  tomogra-
hy  (CT)  has  played  a  major  role  in  the  diagnosis  of  a  great
any  osteoarticular  diseases.  It  has  quickly  become  the
hoice  examination  in  the  diagnosis  of  traumatic,  degen-
rative  or  even  malformative  lesions.  Even  though  image
uality  is  altered  by  metallic  artefacts,  CT  also  found  indi-
ations  in  postsurgical  imaging  [1—3]. It  is  now  also  used  in
nterventional  imaging  (injection  guidance,  bone  and  soft
issue  biopsies,  vertebroplasty,  etc.)  [4].  However,  the  per-
ormance  of  CT  is  limited  by  the  inferior  analysis  of  the  soft
issue  compared  with  Magnetic  Resonance  Imaging  (MRI).
he  CT  analysis  of  intra-articular  lesions  is  also  very  difﬁcult
ue  to  the  absence  of  administration  of  intra-articular  con-
rast  product.  CT  is  also  a  technique  of  irradiating  imaging.
or  all  of  these  reasons,  the  MRI  has  taken  a  preponderant
ole  in  musculoskeletal  imaging.
Nevertheless,  the  scanner  plays  an  important  role  in
steoarticular  disease  with  the  development  of  multislice
T,  the  development  of  multidetector  CT  and  recent  tech-
ological  evolutions  that  reduce  the  dose  the  patient  is
xposed  to.  Over  the  last  years,  the  speed  of  acquisition  and
he  temporal  and  spatial  resolution  of  CT  have  also  consid-
rably  improved.  Sub-millimetric  isotropic  acquisitions  are
he  rule  and  multidetector  row  and  three-dimensional  (3D)
olume  Rendering  (VR)  reformations  improve  the  evalua-
ion  of  bone  and  soft  tissue  lesions  [5].  The  improvement
n  the  speed  of  acquisition  reduces  movement  artefacts  and
hereby  makes  the  exploration  of  large  volumes  possible.
his  is,  for  example,  especially  adapted  for  the  muscu-
oskeletal  assessment  of  multiple  trauma  patients  (Fig.  1).
Other  technological  advances  in  osteoarticular  imaging
re  represented  by  the  development  of  the  dual  energy
o
o
f
igure 1. Whole-body computed tomography (CT) in a 55-year-old w
ith 64-slice CT covering the whole-body at arterial time, that is, an acq
ose with mAs between 50 and 134, rotation time of 0.5 s, 64 × 0.5 mm,
endering (VR) of the whole-body (a) then centred on the left femoral fr
c). This acquisition is obtained in thin slices, providing reformations in
he left femur and its relationship to the superﬁcial femoral artery and 
oth patellas should be noted. The multidetector row reformations wit
eveal a fracture of the upper vertebral body T11 without recession of tA.  Gervaise  et  al.
T  and  the  perfusion  CT.  The  dual  energy  CT  is  based
n  double  acquisition  with  two  X-ray  beams  of  different
ilovoltage.  This  better  characterises  the  tissue  and  also
educes  metallic  artefacts  or  even  provides  access  to  bone
ubtraction  and  iodine  contrast  product  [6].  In  addition,
he  tumour  perfusion  CT,  with  the  acquisition  of  successive
ultiple  phases,  provides  functional  information  to  better
nalyse  bone  and  soft  tissue  tumours.  In  addition  the  func-
ional  analysis  is  more  reproducible  than  that  of  the  MRI
7,8].
As  opposed  to  the  MRI,  the  other  advantages  of  CT  are
epresented  by  its  lower  cost,  improved  availability,  the  pos-
ibility  of  use  on  postsurgical  or  unstable  patients  and  the
bsence  of  contra-indications  related  to  prosthetic  materi-
ls  or  pacemakers  [4,9].
Finally,  CT  has  beneﬁted  from  a  great  many  technologi-
al  innovations  over  the  last  few  years,  thereby  considerably
educing  the  dose  delivered.  The  best  example  is  the  recent
ppearance  of  iterative  reconstructions  that  reduce  the
ose  by  half  with  an  equivalent  image  quality  [10]. With
hese  technological  innovations  and  better  control  of  the
ptimisation  of  the  acquisition  parameters,  it  is  now  possi-
le  to  obtain  CT  imaging  with  a  dose  almost  equal  that  of
he  standard  X-ray  assessment  while  the  diagnostic  perfor-
ance  of  Ct  is  much  higher  than  that  of  X-rays.  With  the
ontinued  reduction  in  the  dose  delivered,  the  replacement
f  the  X-ray  assessment  by  CT  seems  to  be  possible  in  an
ncreasing  number  of  clinical  situations.
After  a  review  of  the  typical  doses  delivered  during
steoarticular  CT,  we  will  in  turn  discuss  the  different  meth-
ds  to  reduce  the  dose  by  emphasising  both  the  behavioural
actors  and  the  technical  factors.
oman for an assessment after falling out of a window. Acquisition
uisition of 163 cm in 31 s, with 120 kV, automatic modulation of the
 pitch at 0.868, for a DLP of 1428 mGy cm. Reformation 3D volume
acture (b) and sagittal reformation on the whole vertebral column
 3D VR in order to obtain a global view of the complex fracture of
help the surgeon with the presurgical assessment. The fractures of
h bone ﬁlter help better analyse the whole vertebral column and
he vertebral body.
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Typical doses delivered with
osteoarticular computer tomography (CT)
The  International  Commission  on  Radiological  Protection  and
the  European  Commission  recommend  the  establishment
of  diagnostic  reference  levels  (DRL)  [11,12].  The  European
Commission  recommended  doses  deﬁned  by  the  Weighted-
Dose-CT-Index  (CTDI[w])  and  by  the  Dose-Length  Product
(DLP)  for  several  types  of  CT  [12]. For  the  lumbar  vertebrae,
the  recommended  reference  levels  are  a  CTDI(w)  of  35  mGy
and  a  DLP  of  800  mGy  cm.  For  the  bony  pelvis,  (hips,  sacroil-
iacs),  the  recommended  reference  levels  are  a  CTDI(w)  at
25  mGy  and  a  DLP  at  520  mGy  cm.  For  the  traumatic  spine,
the  recommended  values  are  a  CTDI(w)  at  70  mGy  and  a
DLP  at  460  mGy  cm  [12]. However,  these  doses  are  based
on  reports  dating  from  the  end  of  the  1980s  and  the  begin-
ning  of  the  1990s,  before  the  introduction  of  spiral  and
multislice  CT  [13,14].  Since  then,  the  multislice  CT  radi-
cally  changed  practices.  In  2004,  The  European  Commission
published  new  recommendations  taking  multislice  CT  into
account.  However,  they  did  not  recommend  new  dosime-
try  references  in  terms  of  DLP  in  the  osteoarticular  realm
[15].  In  France,  the  DRL  have  recently  been  up-dated  [16].
Among  those  involving  adult  computed  tomography,  only  one
osteoarticular  examination  is  included  and  only  for  the  lum-
bar  vertebrae  with  a  DLP  of  700  mGy  cm.  These  reference
levels  are  partial  and  only  involve  very  few  explorations  in
osteoarticular  imaging.  This  is  all  the  more  so  since,  with
the  improvement  in  the  speed  of  acquisition  of  multislice
CT,  it  is  now  possible  to  obtain  whole  spinal  imaging,  lead-
ing  to  new  indications  such  as  the  possibility  of  obtaining  a
whole-body  CT  in  a  myeloma  assessment  [17,18]  or  even  the
acquisition  of  a  whole  spinal  column  in  osteoporosis  [19]. In
addition,  there  is  no  reference  dose  for  acquisitions  of  the
peripheral  joints  or  for  the  new  perfusion  CT  or  dynamic  CT
applications.
In  the  literature,  few  publications  have  been  devoted
to  CT  doses  in  the  realm  of  osteoarticular  imaging  and  the
results  vary  greatly.  In  a  review  of  the  literature  dating  2008,
Mettler  et  al.  [20]  ﬁnd  a  mean  effective  dose  of  6  mSv  for  the
spine  CT  with  values  ranging  from  1.5  to  10  mSv.  In  another
review  of  the  literature  dating  2011  on  19  studies,  Pantos
et  al.  [21]  ﬁnd  even  greater  differences  in  doses,  ranging
from  0.8  to  15.7  mSv  for  a  lumbar  CT,  with  a  median  dose  of
5.2  mSv  (Table  1).  In  a  2009  study  on  the  analysis  of  osteoar-
ticular  CT  doses  in  their  institution,  Biswas  et  al.  [22]  report
of  mean  dose  of  19.15  mSv  for  the  acquisition  of  a  lumbar
d
(
a
Table  1  Doses  of  spinal  computed  tomography  (CT)  according
Type  of  CT CTDI(w)a (mGy)  
Cervical  vertebrae 44.3  (5.3—103.2)  
Dorsal  vertebrae  NA  
Lumbar  vertebrae  30.3  (10.6—59.7)  
NA: not available; DLP: dose-length product.
a The values are indicated as the median and the extreme values in br
b Note the difference in the dose of lumbar CT between the review o
Biswas et al. [22] within their institution (Table 2). This difference is m
single-slice CT to the multislice CT (Pantos et al. mainly take studies on
CT [22]) as well as the increase in the acquisition lengths that also acc373
T  (Table  2).  The  great  variability  in  doses  is  mainly  due
o  the  difference  in  the  length  of  acquisition  between  the
tudies.  For  example,  based  on  a  single-slice  CT,  Galanski
t  al.  [23]  found  a  mean  dose  of  2.7  mSv  for  a  mean  length
f  acquisition  of  only  5.8  cm.  However,  with  a  16-slice  CT,
iswas  et  al.  [22]  found  a  mean  dose  of  19.15  mSv  but  for
 mean  length  of  acquisition  of  25.5  cm.  Therefore,  more
han  the  difference  in  terms  of  number  of  CT  slices,  the
ose  difference  is  above  all  now  related  to  their  use.  In  fact,
hile  the  passage  from  the  single-slice  CT  to  the  multislice
T  was  accompanied  by  an  increase  in  the  dose  delivered
o  the  patient  [24], the  passage  from  4-slice  CT  to  16  or
4-slice  CT  is  accompanied  by  technical  improvements  resul-
ing  in  a  relatively  stable  dose  [25—27]. Therefore,  more
han  the  number  of  slices,  the  overall  increase  in  the  num-
er  of  CT  carried  out  [28]  and  the  increase  in  the  length
f  acquisition  now  result  in  an  increase  in  the  individual
nd  collective  exposure  [20,29]. Within  the  same  institu-
ion,  signiﬁcant  variations  in  terms  of  ISDP  and  DLP  are  also
bserved  (Tables  2—4)  [30,31].  This  may  be  accounted  for
y  the  adjustment  of  the  acquisition  parameters  accord-
ng  to  the  patient  morphotype  and  the  indications.  The
cquisition  parameters  may  be  reduced  in  the  exploration
f  the  bone  structures,  while  the  milliamps  increase  when
s  assessment  of  the  soft  tissue  is  required.  The  establish-
ent  of  new  techniques  of  dose  reduction,  such  as  iterative
econstructions,  also  inﬂuences  the  dose  delivered  during
T  (Table  4).
Very  few  studies  refer  to  the  peripheral  joints.  As  far
s  we  are  aware,  Biswas  et  al.  [22]  reported  the  only
tudy  presenting  a  full  analysis  of  all  of  the  doses  delivered
n  osteoarticular  imaging,  including  the  peripheral  joints.
hese  results  show  that  the  farther  the  anatomic  zone  is
rom  the  trunk,  the  more  the  effective  dose  is  minimal  or
ven  negligible,  as  for  example  for  the  wrist  (Table  2).  This  is
ecause  the  peripheral  joints  are  smaller,  thereby  allowing
or  a reduction  in  the  acquisition  parameters  and  providing
horter  lengths  of  acquisition.  However,  this  is  mainly  due  to
he  fact  that  the  tissue-weighting  factor  used  in  calculating
he  effective  dose  is  very  small  in  view  of  the  absence  of  a
adiosensitive  organ  nearby.  Table  5  sums  up  the  values  of
he  tissue-weighting  factors  used  by  Biswas  et  al.  [22]  in  the
stimate  of  the  effective  dose  as  a  function  of  the  differ-
nt  anatomic  locations  of  osteoarticular  CT  (the  effective
ose  (E)  in  mSv  is  calculated  from  the  Dose-Length  Product
DLP)  in  mGy  cm  multiplied  by  a  tissue-weighting  factor  (k)
ccording  to  the  formula:  E  =  DLP  × k).
 to  a review  of  the  literature  by  Pantos  et  al.  [21].
DLPa (mGy  cm)  Effective  dosea (mSv)
324  (56—1275)  2.6  (0.3—7.5)
253  (66—515)  4.6  (1.0—9.8)
302  (49—870)b 5.2  (0.8—15.7)
ackets.
f the literature by Pantos et al. [21] and the values provided by
ainly due to an increase in the dose after the passage from the
 single-slice CT into account [21] while Biswas et al. use a 16-slice
ompanied the distribution of multislice CT.
374  A.  Gervaise  et  al.
Table  2  Doses  of  the  peripheral  joint  and  spinal  computed  tomography  (CT)  according  to  Biswas  et  al.  [22]  (gathered
with  a  16-slice  CT).
Joints  CTDI(w)a (mGy)  DLPa (mGy  cm)  Effective  dosea (mSv)
Wrist  and  hand 14.41 ±  15.52  137  ±  134  0.03  ±  0.03
Elbowb 21.52 ±  23.83  293 ±  311  0.14 ±  0.22
Shoulder 19.49 ±  13.77  316 ±  211  2.06 ±  1.52
Hip  19.83  ±  7.67  422  ±  174  3.09  ±  1.37
Knee  18.39  ±  14.43  356  ±  289  0.16  ±  0.12
Ankle  and  footc 17.88  ±  13.39  310  ±  210  0.07  ±  0.05
Cervical  vertebrae  64.17  ±  29.04  1414  ±  831  4.36  ±  2.03
Dorsal  vertebrae  64.39  ±  22.23  2171  ±  805  17.99  ±  6.12
Lumbar  vertebrae  66.53  ±  21.56  1701  ±  689  19.15  ±  5.63
DLP: dose-length product.
a The values are indicated as the mean ± standard deviation.
b Only elbow (elbow above the head).
c Unilateral.
Table  3 Osteoarticular  computed  tomography  (CT)  doses  within  our  institution  with  our  previous  16-slice  CT  (Sensation
16,  Siemens)  [30].
Type  of  CT  CTDI(w)a (mGy)  DLPa (mGy  cm)  Effective  dose a (mSv)
Cervical  vertebrae  21  (18.5—45.2)  411  (321—766)  1.3  (1—2.4)
Lumbar  vertebrae  32  (23.4—56.4)  782  (399—1527)  8.8  (4.5—17.2)
Pelvic  bone  21  (15.6—33.4)  602  (366—1359)  4.4  (2.7—9.9)
Shoulders  25  (23.4—35.0)  332  (253—688)  2.2  (1.6—4.5)
Knee  18  (10.9—31.2)  425  (195—757)  0.2  (0.1—0.3)
DLP: dose-length product.
a The values are indicated as the median and the extreme values in brackets.
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Aays to reduce the dose in osteoarticular
omputer tomography (CT)
he  ways  to  reduce  the  CT  dose  are  based  on  the  three  main
rinciples  of  radioprotection:  justiﬁcation,  optimisation  and
ubstitution  [32]. They  have  been  adopted  by  the  Euratom
a
t
t
Table  4  Doses  with  the  lumber  vertebrae  computed  tomogr
Gathered  with  a  320-slice  CT  (Aquilion  One,  Toshiba)  before
(Adaptive  Iterative  Dose  Reduction  3D,  second  version  of  the  T
CTDI(w)a
Lumber  vertebrae  CT
Before  implant  of  iterative  reconstructionsb 40.2  ±  11
With  AIDR  3D  25.5  ±  11
Shoulder  artho-CT
Before  implant  of  iterative  reconstructionsb 43.9  ±  15
With  AIDR  3D  16.1  ±  4.
DLP: dose-length product.
a The values are indicated as the mean ± standard deviation.
b CT imaging acquired by ﬁltered back projection with QDS (Quantum 7/43  European  Community  Directive  [33]  and  by  the  ALARA
As  Low  As  Reasonably  Achievable)  principle  of  precaution.
ll  of  these  ways  have  been  extensively  detailed  in  the  liter-
ture  [9,34—38].  We  will  discuss  them,  in  turn  distinguishing
he  behavioural  from  the  technical  factors  and  focusing  on
heir  applications  in  the  realm  of  osteoarticular  CT.
aphy  (CT)  and  shoulder  arthro-CT  within  our  institution.
 and  after  implant  of  AIDR  3D  iterative  reconstructions
oshiba  iterative  reconstructions).
(mGy)  DLPa (mGy  cm)  Effective  dosea (mSv)
.4  1094  ±  309  12.32  ±  3.5
.9  695  ±  338  7.83  ±  3.8
.9  611  ±  259  3.98  ±  1.7
3  205  ±  82  1.34  ±  0.5
Denoising System, Toshiba).
CT  dose  optimisation  and  reduction  in  osteoarticular  disease  
Table  5  Tissue-weighting  factors  used  to  calculate
the  effective  dose  for  different  anatomic  locations  in
osteoarticular  disease,  calculated  according  to  Biswas
et  al.  [22].
Computed  tomography  (CT) Tissue-weighting
factora (Sv/mGy  cm)
Shoulder 6.52
Elbowb 0.48
Wrist  and  hand 0.22
Hip 7.31
Knee 0.44
Ankle  and  footc 0.23
Cervical  vertebrae  3.08
Dorsal  vertebrae 8.29
Lumbar  vertebrae  11.26
a These factors were calculated from the relationship between
the effective dose and the dose-length product by Biswas et al.
[22]. Note that Biswas et al. calculated these factors using
IMPACT dosimetry software based on the ICRP 60 data [11]. New
factors have to be re-calculated to take into account the new
ICRP 103 data.
b Only elbow (elbow above the head).
c Unilateral.
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phases,  CT  often  only  includes  one  phase  without  injectionBehavioural factors
Awareness  and  education
First,  like  in  other  domains,  the  education  and  awareness  of
radiologists  and  radiology  technicians  is  an  important  ele-
ment  in  the  reduction  of  the  dose  in  osteoarticular  disease.
Wallace  et  al.  [39]  have  shown  that,  after  doctor  educa-
tion,  it  was  possible  to  obtain  a  29%  reduction  in  the  dose
of  lumbar  CT  at  several  institutions.  This  education  also
emphasises  the  situations  in  which  the  reduction  in  the  dose
is  especially  important.  For  example,  the  patient’s  age  is  a
major  factor  since  the  potential  risk  of  radio-induced  cancer
due  to  low-doses  of  X-rays  decreases  with  age  [40]. Special
care  is  the  rule  for  young  subjects.  In  addition,  the  anatomic
location  of  the  CT  is  important.  The  effective  dose  of  an
acquisition  at  a  distance  from  radiosensitive  organs,  as  is
the  case  for  the  peripheral  joints,  will  be  negligible  (with
effective  doses  sometimes  lower  than  those  of  a  chest  X-
ray!)  as  opposed  to  lumbar  CT  imaging  or  proximal  joint  CT
imaging  (however,  it  should  be  noted  that  the  calculation  of
the  effective  dose  does  not  take  into  account  the  radiosen-
sitivity  of  tissue  related  to  age).  However,  the  awareness  of
radiologists  and  operators  requires  knowledge  of  the  doses
delivered.  From  this  point  of  view,  the  display  of  the  DLP
on  the  CT  console  before  the  acquisition  is  indispensable
and  currently  systematically  available  for  all  manufactur-
ers.  This  awareness  is  also  increasingly  guaranteed  by  the
software  used  in  the  gathering  and  analysis  of  the  doses
delivered.  This  software  allows  for  dosimetric  monitoring
per  patient  and  detects  the  cumulate  dose,  which  is  some-
times  high.  The  software  also  includes  dosimetric  warnings
that  help  optimise  the  protocols  and  help  monitor  the  overall
reduction  in  the  doses  during  optimisation  [41]. More  glob-
ally,  national  or  international  dose  registers  are  also  being
i
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reated,  such  as,  for  example,  the  CT  Dose  Index  Registry
42].  Under  the  initiative  of  the  American  College  of  Radiol-
gy,  this  dose  register  aims  at  obtaining  the  CT  radiation
oses  from  a  great  many  American  and  foreign  radiology
epartments  in  order  to  compare  the  doses  and  harmonise
ractices.
ustiﬁcation  and  substitution
ustiﬁcation  and  substitution  are  also  two  important  ele-
ents  in  osteoarticular  imaging  where  substitution  by
on-irradiating  imaging  techniques  such  as  sonography  or
RI  is  often  possible  [4,9,43].  For  example,  Oikarinen  et  al.
44],  in  their  study  on  30  lumbar  CT  carried  out  in  patients
nder  the  age  of  35  years,  demonstrated  that  only  seven  of
hem  (23%)  were  indicated.  Of  the  23  lumbar  CT  not  indi-
ated,  20  of  them  would  have  been  able  to  beneﬁt  from
n  MRI  whereas  imaging  was  not  indicated  for  the  other
hree  patients.  Clarke  et  al.  [45]  also  demonstrated  that  90%
f  the  lumbar  CT  could  be  replaced  by  an  MRI.  However,
he  MRI  is  not  always  possible  due  to  problems  of  claus-
rophobia,  non-compatible  implants,  pacemakers  or  even
recarious  medical  conditions  [9].  In  addition,  in  certain  dis-
ases,  the  performance  of  CT  is  superior  that  of  MRI  [4].
or  example,  in  the  study  on  the  spine,  the  CT  has  proven
o  be  more  sensitive  in  the  detection  of  bone  changes  fol-
owing  an  infection  [46]. CT  is  also  better  than  MRI  in  the
haracterisation  of  certain  structures  such  as  gas  and  calci-
cations.  With  its  good  spatial  resolution,  CT  also  provides
 better  visualisation  of  scaphoid  fractures  [47]  or  even  the
etection  of  certain  osteoid  ostomas  that  remain  invisible
n  MRI  [48]. The  angio-CT  is  sometimes  more  efﬁcient  than
he  angio-MRI  in  the  assessment  of  vascular  invasion  of  mus-
uloskeletal  tumours  [49,50].  In  our  institution,  CT  imaging
s  indicated  in  the  following  situations:  complex  fractures,
ractures  with  suspicion  of  vascular  impairment,  fractures-
islocations,  initial  assessment  of  musculoskeletal  tumours,
ostsurgical  monitoring,  bone  dysplasia  and  congenital  mal-
ormations,  disco-radicular  spinal  disease  and  assessment  of
oint  impairment.  In  addition,  arthro-CT  may  be  carried  out
or  almost  all  joints.  It  provides  a  better  visualisation  of
uperﬁcial  cartilaginous  lesions  than  the  MRI.  It  is  also  pos-
ible  to  carry  our  useful  multislice  reformations  with  the  CT
n  a  postsurgical  assessment  [51,52].  CT  arthrography  of  the
rist  also  enables  a  better  analysis  of  ligament  lesions  than
he  MRI  or  MR  arthrography  [53]  while  CT  arthrography  of
he  shoulder  is  a  very  efﬁcient  imaging  technique  for  the
etection  of  SLAP  lesions  [54].
ength  of  exploration  and  number  of  acquisitions
uring  CT  imaging,  the  dose  can  be  controlled  by  reducing
he  number  of  acquisitions  (that  is,  the  number  of  phases)
nd  the  length  of  the  zone  explored  [55]. The  length  should
e  restricted  to  the  zone  of  interest,  previously  detected
y  the  CT  topogram(s).  As  indicated  above,  this  is  one  of
he  main  reasons  in  the  differences  in  doses  between  the
ifferent  examinations.  As  regards  the  number  of  acquisitionn  osteoarticular  disease.  However,  with  the  development  of
nterventional  CT  imaging  and  dynamic  and  perfusion  CT,  the
imitation  in  the  number  of  phases  is  of  prime  importance.
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Position  and  centering
Exact  centering  of  the  anatomic  zone  for  the  CT  imaging
at  the  centre  of  the  ring  provides  optimum  image  quality
and  dose  delivered.  The  spatial  resolution  is  actually  bet-
ter  at  the  centre  of  the  ring  since  more  data  is  obtained
there  than  at  the  periphery  [56]. Moreover,  good  centring
is  especially  required  with  the  use  of  milliamper  automatic
modulation  since  this  modulation  considers  that  the  patient
is  at  the  centre  of  the  ring  [57]. In  case  of  poor  centring,
the  automatic  modulation  signiﬁcantly  increases  the  dose
[58]. The  patient’s  position  also  has  an  effect  on  the  dose
and  quality  of  the  image.  The  volume  explored  should  be
as  thin  as  possible  to  limit  the  artefacts  of  beam  harden-
ing  and  reconstruction.  This  is  why  the  shoulders  are  placed
at  a  different  height  during  exploration  of  the  pectoral  gir-
dle  (Fig.  2).  During  the  imaging  of  a  leg  joint  (foot,  ankle,
knee),  the  volume  explored  should  be  reduced  by  raising
the  opposite  leg.  Similarly,  the  peripheral  joints  should  be
acquired  as  far  as  possible  from  the  patient’s  trunk  in  order
to  reduce  the  dose  received  by  radiosensitive  organs.  Biswas
et  al.  [22]  demonstrated  that  the  acquisition  of  an  elbow
along  the  body  compared  with  a  position  above  the  head
was  responsible  for  a  considerable  increase  in  the  effective
dose  (8.35  versus  0.14  mSv).
Technical factors
Type  of  computer  tomography  (CT)  acquisition
With  the  development  of  multislice  CT,  the  spiral  mode  has
extensively  replaced  sequential  axial  acquisition.  However,
the  appearance  of  wide-area  detector  CT  has  enabled  its
return.  The  320-slice  CT  has,  with  a  single  rotation,  helped
acquire  a  volume  of  up  to  16  cm  in  length,  thereby  cover-
ing  most  joints  (shoulder,  wrist,  hand,  hip,  sacroiliac,  knee,
ankle  and  foot).  The  advantage  of  this  type  of  volume  acqui-
sition  is  that  it  considerably  reduces  the  time  of  acquisition
(up  to  0.175  s  for  the  acquisition  of  a  volume  of  16  cm,  with-
out  shift  between  the  ﬁrst  and  last  slice)  and  therefore
patient  movement  artefacts.  In  addition,  this  type  of  vol-
ume  acquisition  reduces  the  irradiation  compared  with  the
spiral  mode.  In  fact,  with  wide-area  detector  CT,  the  shadow
phenomenon  (or  overbeaming)  is  proportionally  smaller  than
that  with  16  or  64-slice  CT  [59,60].  It  should  be  noted  that
this  shadow  phenomenon  is  independent  of  the  collimation
Figure 2. Front topogram before arthro-computed tomography
(CT) of the left shoulder. Note the patient’s position with ascension
of the contralateral shoulder, allowing for a reduction in the thick-
ness of the zone to scan as well as a reduction in the hardening
artefacts of the beam.
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nd  is  therefore  relatively  greater  in  case  of  narrower  col-
imation.  Therefore,  the  use  of  a  reduced  number  of  slices
hould  be  avoided  with  a  multislice  CT.  The  use  of  the  volume
ode  also  eliminates  pre  and  postspiral  irradiation  (or  over-
anging),  characteristic  of  the  spiral  mode  [61]. The  dose
f  additional  irradiation  due  to  pre  and  postspiral  irradia-
ion  is  higher  with  an  increase  in  the  number  of  detectors
nd  is  also  proportionally  higher  for  acquisitions  of  smaller
ength  [62]  as  is  the  case  for  acquisitions  of  the  peripheral
oints.  With  the  acquisition  of  shorter  anatomic  zones  with
 16  or  64-slice  CT,  certain  authors  recommend  the  use  of
he  axial  and  non-spiral  mode  to  eliminate  the  dose  due  to
verranging  [34,63].
ilovoltage
he  reduction  in  kilovoltage  is  the  source  of  a  major  reduc-
ion  in  the  dose.  However,  it  is  also  the  cause  of  an  increase
n  noise  (for  example,  by  maintaining  the  other  parame-
ers  constant,  a  reduction  in  kilovoltage  from  120  to  80  kV
educes  the  dose  delivered  by  a  factor  of  2.2  [58]  but  also
ncreases  the  noise  by  a factor  of  2  [58,64]).  In  practice,  the
ncrease  in  noise  results  in  a  deterioration  in  the  quality  of
he  image  that  becomes  grained.  This  appearance  is  harm-
ul  during  the  analysis  of  structure  with  small  differences
n  density  (as  is  the  case  for  the  analysis  of  soft  tissue)  in
iew  of  an  alteration  in  the  contrast  to  noise  ratio.  How-
ver,  it  is  not  harmful  for  the  analysis  of  bone  structures
ue  to  a  high  natural  contrast.  It  is  therefore  possible  to
cquire  peripheral  joints  (wrist,  knee,  ankle,  foot)  at  100
r  even  80  kV  (Fig.  3).  For  example,  for  a  CT  of  the  wrist
ith  a  centred  acquisition  of  6  cm,  with  80  kV  and  50  mAs,
he  quality  of  the  image  is  satisfactory  for  the  bone  analysis,
ncluding  a  cast  immobilisation  (Fig.  4).  This  acquisition  pro-
ides  a  total  DLP  total  of  20.9  mGy  cm,  corresponding  to  an
ffective  dose  of  0.0046  mSv  (with  a  tissue  conversion  fac-
or  of  0.22  Sv/mGy  cm  according  to  Biswas  et  al.  [22]). By
omparison,  this  effective  dose  is  only  3.3  times  as  high  as
hat  of  an  X-ray  assessment  comprising  ﬁve  wrist  incidences
4.6  versus  1.38  Sv)  [65]  and  is  less  irradiating  than  a  front
hest  X-ray  (about  0.07  mSv)  [66]. For  thicker  proximal  joints
shoulder,  hip,  sacroiliac,  spine),  the  kilovoltage  should  be
dapted  to  the  patient’s  morphotype:  120  kV  in  a  patient
ith  a  standard  morphotype,  100  kV  in  thin  patients  while
n  overweight  patients,  a  kilovoltage  at  135—140  kV  is  some-
imes  required  in  order  to  maintain  a  satisfactory  quality
f  image.  Given  that  the  iodine  attenuation  value  increases
ith  a  decrease  in  kilovoltage  [67], during  arthro-CT  of  the
roximal  joints,  it  is  preferable  to  use  a  maximum  kilovolt-
ge  at  120  in  order  to  improve  the  contrast  to  noise  ratio.  For
he  same  reasons,  peripheral  arthro-CT  (wrist,  knee,  ankle)
ay  be  carried  out  at  80  kV  (Fig.  5).  During  vascular  or  per-
usion  exploration,  a  reduction  in  the  kV  is  also  possible  at
00  or  even  80  kV  according  to  the  thickness  of  the  anatomic
one  to  cover  [68]. Certain  teams  have  also  proposed  low-
ose  acquisition  protocols  at  100  kV  for  the  assessment  of
pinal  trauma  [69], myeloma  [70]  or  even  at  80  kV  for  the
ssessment  of  scoliosis  [71]  or  even  osteoporosis  [72].illiamps
 milliamp  reduction  induces  a  proportional  reduction  in  the
ose  delivered  as  well  as  an  increase  in  image  noise  (the
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Figure 3. Computed tomography (CT) of the right knee in a 41-year-old woman for a knee trauma. Acquisition with a 320-slice CT
and volume rendering (VR) with 100 kV, 100 mAs, rotation time of 0.5 s, slice thickness 0.5 mm and 16 cm coverage for a total DLP of
93.5 mGy cm, corresponding to an effective dose of about 0.04 mSv. Axial plane of 0.5 mm passing through the anterior tibial tubercle (ATT)
ith irr
f
l
a
m
t
p(a) and Reformation 3D VR (b): non-displaced fracture of the ATT w
the medial tibial plateau.
noise  value  in  inversely  proportional  to  the  square  root  of
the  milliamps).  This  may  be  harmful  for  the  interpretation
of  the  examinations  requiring  a  good  contrast  to  noise  ratio,
such  as  for  the  analysis  of  disco-radicular  disease.  In  their
study  on  lumbar  CT,  Bohy  et  al.  [73]  demonstrated  that  not
more  than  a  35%  reduction  in  milliamps  was  possible  in  the
standard  protocol  since  the  diagnostic  performance  dete-
riorated  beyond  this  point.  In  this  study,  Bohy  et  al.  [73]
used  constant  milliamps  but  adapted  the  body  mass  index
a
t
s
Figure 4. Computed tomography (CT) with cast immobilisation of the
of a Schernberg type III scaphoid burst fracture. Acquisition with a 320-sl
50 mAs, rotation time of 0.5 s, slice thickness 0.5 mm and AIDR 3D iterati
corresponding to an effective dose of 0.0046 mSv. Axial plane of 0.5 mm
of the fracture and absence of signs of consolidation. Note the good qual
the major reduction in the acquisition parameters and the DLP.adiating secondary articular fracture between the tibial spine and
or each  patient.  The  development  of  the  automatic  modu-
ation  in  the  milliamps  in  the  three  planes  allowed  for  the
utomation  of  the  adaption  of  the  milliamps  to  the  patient’s
orphotype  [74]. Van  Straten  et  al.  [75]  demonstrated  that
his  modulation  was  especially  useful  in  the  shoulder  and
elvic  regions  where  it  reduced  the  effective  dose  by  11
nd  17%  respectively.  Its  use  is  also  of  interest  in  adapting
he  milliamps  to  the  patient’s  morphology  during  the  acqui-
ition  of  lumbar  CT  imaging,  while  maintaining  the  same
 right wrist in a 19-year-old man for an assessment after 4 months
ice CT with volume rendering (VR) and a height of 6 cm with 80 kV,
ve reconstruction for a dose-length product (DLP) of 20.9 mGy cm,
 (a) and front reformation of 1.5 mm (b) revealing the persistence
ity of the image in spite of the presence of cast immobilisation and
378  
Figure 5. Arthro-computed tomography (CT) of the left ankle in a
41-year-old man referred for an assessment of the persistent pain of
the ankle after a serious sprain. Acquisition with a 320-slice CT scan-
ner with volume rendering (VR) with 80 kV, 50 mAs, slice thickness
of 0.5 mm, rotation time of 0.5 s, adaptive iterative dose reduction
(AIDR) 3D iterative reconstruction, with a total dose-length prod-
uct (DLP) of 23.7 mGy cm, corresponding to an effective dose of
0.005 mSv. Note the excellent analysis of the cartilage in spite of
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reducing  the  artefacts  related  to  FBP  reconstructions  and,he major rerduction in the acquisition parameters and the dose.
mage  quality.  Mulkens  et  al.  [76]  also  demonstrated  that
he  use  of  the  automatic  milliamp  modulation  in  the  three
lanes  reduced  the  dose  of  a  lumbar  CT  by  37%.  Mastora
t  al.  [77]  also  demonstrated  that,  during  the  exploration  of
he  thoracic  outlet  syndrome,  the  use  of  automatic  milliamp
odulation  allowed  for  a  35%  reduction  in  the  dose  without
 loss  of  image  quality.  Moreover,  certain  authors  proposed
arrying  out  a  low-dose  protocol  with  low  milliamps.  For
xample,  Horger  et  al.  [17]  demonstrated  that  the  low-dose
cquisition  of  a  whole-body  CT  was  possible  in  the  diagno-
is  of  lytic  lesions  and  the  assessment  of  the  fracture  risk
n  patients  monitored  for  multiple  myeloma.  A  collimation
f  16  ×  1.5  mm  was  used  with  120  kV  and  between  40  and
0  mAS  milliamps  per  second.  The  effective  dose  of  the  CT
arried  out  with  40  mAs  was  only  1.7  times  higher  than  the
ose  of  a  standard  whole-body  X-ray  assessment  (4.1  mSv
ersus  2.4  mSv)  [17].
itch
ith  certain  current  multislice  CT  comprising  modern  tech-
iques  of  automatic  milliamp  modulation,  the  change  in  the
itch  does  not  change  the  dose  since  it  results  in  an  auto-
atic  adaption  of  the  milliamps  [78]. A  high  pitch,  of  about
.5,  is  preferable  to  reduce  the  time  of  acquisition  and  the
ovement  artefacts  (for  example,  during  the  exploration
f  a  multi  trauma  patient).  Nevertheless,  the  pitch  should
emain  under  two  in  order  to  maintain  the  optimum  quality
f  the  multiplane  reformations  [78]  and  avoid  the  appear-
nce  of  spiral  artefacts  [34]. On  the  other  hand,  a  low  pitch
i
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s  preferred  for  the  reduction  of  metallic  artefacts  related
o  osteosynthesis  materials  [79].
lice  thickness
n  general,  the  acquisitions  are  carried  out  in  thin  slices  (0.5
o  1  mm),  required  for  the  analysis  of  bone  structures  and
econstructed  in  thicker  slices  (2  to  5  mm)  for  the  analysis
f  soft  tissue.  The  sub-millimetric  slices  improve  the  spa-
ial  resolution,  reduce  the  effects  of  partial  volume  and
llow  for  multiplane  reformations  [80]. However,  at  con-
tant  noise,  the  acquisition  in  thin  slices  is  the  cause  of  an
ncrease  in  the  irradiation  [81]. If  there  is  an  excess  reduc-
ion  in  the  milliamps,  the  acquisition  in  thin  slices  leads  to  a
ajor  increase  in  the  image  noise.  Therefore,  whereas  the
cquisition  is  obtained  in  sub-millimetric  slices,  during  the
nterpretation  of  the  images,  the  thickening  of  the  slices
elps  increase  the  signal  to  noise  ratio  [80]  and  improve  the
nalysis  of  the  soft  tissue  [82,83].
ield  collimator
ield  collimators  are  placed  at  the  outlet  from  the  tube
nd  help  limit  the  beam  of  exposure  at  the  ﬁeld  chosen,
hereby  allowing  for  a  reduction  in  the  dose.  The  smallest
ossible  ﬁeld  collimation  should  be  used,  in  particular  with
he  exploration  of  the  small  joints.
terative  reconstructions
he  use  of  CT  iterative  reconstructions  represents  major
rogress  in  the  reduction  of  the  dose  (Table  4).  The  ﬁrst
esults  show  that  they  allow  for  a  reduction  of  up  to  50%
f  the  dose,  while  maintaining  the  same  image  quality
84,85].  Until  now,  few  studies  have  assessed  the  value
f  iterative  reconstructions  in  musculoskeletal  imaging.  In
ur  institution,  we  carried  out  a  study  on  15  lumbar  CT
cquired  with  volume  mode  on  a  320-slice  CT  with  Adap-
ive  Iterative  Dose  Reduction  (AIDR),  the  ﬁrst  version  of
he  iterative  reconstruction  by  Toshiba  and  by  comparing
hem  with  standard  reconstructions  in  Filtered  Back  Projec-
ion  (FBP).  Our  results  found  a  mean  reduction  of  31%  in
he  image  noise  with  AIDR  compared  with  the  FBP  images
10],  without  an  alteration  in  the  spatial  resolution.  This
oise  reduction  corresponds  to  a  potential  reduction  in  the
ose  of  52%.  These  initial  results  are  promising,  especially
ince  the  versions  of  iterative  reconstruction  are  quickly
volving.  In  our  institution,  the  new  version  of  AIDR  3D  iter-
tive  reconstructions  was  recently  installed  and  new  studies
re  required  to  assess  their  impact  on  the  reduction  in  the
ose  and  the  improvement  of  image  quality  (Fig.  6).  While
hese  iterative  reconstructions  are  of  particular  interest  in
educing  the  dose  of  CT  imaging  requiring  a  good  contrast
o  noise  ratio,  their  performance  on  examinations  where
one  analysis  is  of  major  importance,  such  as  for  example
n  the  search  for  a  fracture,  is  not  as  important.  In  fact,
he  high  natural  contrast  of  the  bone  structures  allows  for
ow-dose  noise  acquisitions  without  this  affecting  the  inter-
retation  in  a  signiﬁcant  manner  [86]. Nevertheless,  one  of
he  beneﬁts  of  iterative  reconstructions  is  the  possibility  ofn  particular,  the  beam  hardening  artefacts  [87]  (Fig.  7).
his  is  of  particular  interest  in  the  analysis  of  the  soft  tissue
nd  bone  structures  in  contact  with  osteosynthesis  material.
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Figure 6. Lumbar computed tomography (CT) in a 67-year-old woman with a body mass index of 31 kg/m2. Acquisition from T12 to S2 with
135 kV, automatic milliamp modulation with noise index at 8, rotation time of 0.75 s, spiral 64-slice acquisition of 0.5 mm for a dose-length
product (DLP) of 804 mGy cm. Sagittal reformations of 2 mm with standard reconstruction in ﬁltered back projection (a) and with adaptive
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Fiterative dose reduction (AIDR) 3D iterative reconstructions (b). No
origin of improved visualisation of the disc bulge.
Traditionally,  the  best  visualisation  of  metal  materials
requires  an  increase  in  the  acquisition  parameters  such  as
the  kilovoltage  and  milliamps  as  well  as  a  low  pitch  and
a  thin  collimation.  All  of  these  parameters  result  in  an
increase  in  the  dose  [88]. Iterative  reconstructions  allow  for
a  reduction  in  these  artefacts  while  avoiding  an  increase  in
the  dose  by  the  optimisation  of  other  parameters  (Fig.  8).
Noise  reduction  ﬁlter
The  improvement  in  the  contrast  to  noise  ratio  required
for  the  analysis  of  the  soft  tissue,  in  particular  for  disco-
radicular  disease,  may  also  be  obtained  by  the  use  of
noise  reduction  ﬁlters  by  post-treatment  software.  These
ﬁlters  are  applied  on  already  reconstructed  images.  This
allows  them  to  be  used  with  any  CT  image,  including  3D
reformations.  As  opposed  to  the  ﬁlters  used  during  the
reconstruction  of  images,  some  of  these  noise  reduction  ﬁl-
ters  seem  able  to  smooth  the  image  without  altering  the
spatial  resolution.  However,  studies  have  to  be  carried  out
in  order  to  conﬁrm  the  value  of  this  new  post-treatment
hardware.
Active  collimation
Although  not  accessible  in  the  choice  of  parameters,  this
technology  is  worth  describing.  Sheilds  help  reduce  pre-  and
postspiral  irradiation  phenomena  by  using  active  collimation
in  the  z-axis  at  the  beginning  and  end  of  the  spiral  [89].
These  shields  are  of  particular  interest  when  the  pre-  and
postspiral  irradiation  accounts  for  a  large  share  of  the  dose
of  patient  irradiation,  that  is,  during  short  acquisition  with  a
16  or  64-slice  CT.  Christner  et  al.  [90]  have  shown  that  with  a
64-slice  CT,  for  a  pitch  of  1,  a  beam  collimation  of  38.4  mm
and  an  acquisition  length  of  15  cm,  the  shields  provide  a
s
p
de reduction in image noise with the iterative reconstructions, the
6%  reduction  in  the  total  dose  delivered  to  the  patient.
owever,  with  an  acquisition  greater  than  300  mm  with  a  64-
lice  CT,  the  pre-  and  postspiral  irradiation  accounts  for  less
han  3%  of  the  total  dose,  irrespective  of  the  pitch  [90]. In
steoarticular  disease,  this  active  collimation  is  therefore  of
reat  interest  in  reducing  the  dose  during  acquisition  with  16
r  64-slice  CT  of  the  shoulders  and  hips  considering  the  low
overage  and  the  proximity  of  radiosensitive  organs  (thyroid
nd  gonads).
n practice
he  justiﬁcation  and  substitution  of  examinations  by  CTg-
aphy  remains  fundamental:  ‘‘a  scan  that  is  not  carried
ut  is  one  that  irradiates  the  least’’.  The  limitation  of  the
overage  of  CT  imaging  is  also  a  simple  way  to  reduce
he  irradiation:  ‘‘the  smaller  the  acquisition  coverage,  the
maller  the  dose’’.  The  volume  acquired  should  be  as  thin  as
ossible  and  a  small  ﬁeld  collimation  should  be  used  for  the
xploration  of  small  joints.  The  kilovoltage  and  milliamps
hould  be  adapted  to  the  type  of  acquisition  (reduction  of
hese  acquisition  parameters  for  the  exploration  of  a  periph-
ral  joint,  reduction  of  the  kilovoltage  for  the  acquisition
f  an  arthro-CT),  the  indication  (analysis  of  the  soft  tis-
ue  requiring  higher  milliamps  than  the  analysis  of  bone
tructure)  and  the  morphotype  of  each  individual.  The  new
echniques  to  reduce  the  dose  should  also  be  used  as  soon
s  possible  (automatic  modulation  of  the  milliamps  and  the
ilovoltage,  iterative  reconstructions,  active  collimation).
inally,  with  dynamic  or  perfusion  acquisition,  the  dose
hould  be  reduced  by  limiting  the  number  of  acquisition
hases  (Boxed  text  1).
Nevertheless,  even  if  the  reduction  of  the  dose  is  primor-
ial,  in  particular  in  young  subjects,  it  should  not  be  carried
380  A.  Gervaise  et  al.
Figure 7. Arthro-computed tomography (CT) of the right shoulder in a 73-year-old man. Acquisition with volume rendering (VR) with a
320-slice CT with 120 kV, 150 mAs, rotation time of 0.75 s, slice thickness of 0.5 mm  for a dose-length product (DLP) of 175 mGy cm. Filtered
back projection reconstruction in native axial section of 0.5 mm (a) and frontal reformation in 1.5 mm section (b) and adaptive iterative
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tose reduction (AIDR) 3D iterative reconstructions in native axial sec
he reduction in image noise as well as the major reduction in harde
esulting in the improved visualisation of the cartilage of the upper
ut  at  the  expense  of  the  quality  of  the  image  and  especially
f  the  diagnostic  performance:  CT  imaging  with  a  reduced
ose  that  provides  poor  image  quality  and  does  not  allow  for
 diagnosis  is  more  harmful  than  CT  imaging  with  a normal
ose  that  allows  for  a  proper  diagnosis.
ynamic computed tomography (CT)
maging of the joints
oint  kinematics  may  be  examined  by  a  static  study  in  differ-
nt  positions  or  by  a  continuous  dynamic  study.  The  latter
hould  be  privileged  during  study  of  the  joint  kinematics
91—93]  since  the  constraints  differ  between  a  system  in
ction  and  a  static  system  [94,95].  The  improvement  in  the
emporal  resolution  of  multislice  CT  and  the  development
f  multidetector  CT  now  allows  for  dynamic  studies  to  be
g
i
l
Cof 0.5 mm (c) and in frontal reformation in 1.5 mm section (d). Note
artefacts of the beam due to the AIDR 3D iterative reconstructions,
 of the humerus head.
arried  out  on  the  peripheral  joints  [96,97]. The  adapta-
ion  of  the  acquisition  parameters  as  well  as  the  application
f  recent  methods  of  dose  reduction  help  maintain  a  low-
ose  delivered  to  the  patient,  often  lower  than  that  with
raditional  acquisition  on  a  conventional  CT.  Therefore,  CT
maging  is  a tool  of  functional  analysis  improving  knowledge
f  the  joint  kinematics  and  its  dysfunctions.
The  dynamic  study  of  joints  is  possible  in  spiral  mode
ith  a  64-slice  CT.  Tay  et  al.  [98]  have  shown,  in  an  exper-
mental  study,  that  it  is  possible  to  obtain  the  dynamic
cquisition  of  a  wrist  in  four  phases  with  a  very  low  pitch
0.1)  by  using  a  protocol  with  retrospective  synchronisa-
ion  of  the  movement.  However,  this  technique  induces  a
reat  many  movement  and  ‘‘step’’  artefacts  and  a  major
ncrease  in  irradiation  [98]  rendering  the  efﬁcacy  much
ower  than  that  of  volume  acquisitions  with  multidetector
T.
CT  dose  optimisation  and  reduction  in  osteoarticular  disease  
Boxed  text  1  The  seven  gold  rules  to  reduce
radiation  by  osteoarticular  computed  tomography
(CT).
• Comply  with  the  indications.
• Whenever  possible,  prefer  a  non-irradiating  method
of  imaging.
• Limit  the  CT  coverage.
• Limit  the  number  of  acquisition  phases  during
dynamic  and  perfusion  examinations.
• Adapt  the  kilovoltage  and  milliamps  to  the
indications  and  morphology  of  each  patient.
• Reduce  the  kilovoltage  during  the  exploration  of  the
peripheral  joints  and  arthro-CT.
• Use  modern  methods  to  reduce  the  dose  (iterative
reconstructions,  automatic  modulation  of  the
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In  our  institution,  we  study  joint  kinematics  with  a  320-
slice  CT.  This  allows  for  the  acquisition  of  a  volume  up
to  16  cm  long.  A  rotation  time  of  0.35  s  combined  with  a
technique  of  partial  data  reconstruction  (reconstruction  of
data  over  180◦ by  rotation)  provides  a  temporal  resolution
of  0.175  s per  rotation.  Volume  acquisition  also  has  several
advantages:  reduction  of  the  dose  compared  with  the  spiral
mode  by  elimination  of  pre-  and  postspiral  irradiation  [61]
and  acquisition  of  the  entire  volume  at  one  time,  without
shift  between  the  ﬁrst  and  last  slices  or  shift  due  to  the
movement  of  the  table.  With  this  technique,  it  is  possible
to  study  the  kinematics  of  the  peripheral  joints  and  provide
Figure 8. Computed tomography (CT) of the right hip in a 70-
year-old man for an assessment of right coxalgia on a total hip
replacement. Spiral acquisition with a 320-slice CT with 135 kV,
15 mAs, rotation time at 0.5 s, 64 × 0.5 mm and AIDR 3D itera-
tive reconstruction for a dose-length product (DLP) of 326 mGy cm.
Frontal reformation in 2 mm section. Note the excellent quality of
the image due to a reduction in the metallic artefacts by iterative
reconstructions that also allow for a reduction in the dose.
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iagnostic  information  in  several  clinical  indications:  occult
nstabilities  of  the  wrist,  femoro-patellar  syndrome,  pos-
erior  conﬂict  of  the  ankle,  thoracic  outlet  syndrome.
evertheless,  these  indications  are  new  and  an  assessment
f  the  diagnostic  performance  of  this  type  of  examination
s  required  in  order  to  justify  their  use,  especially  in  view
f  their  irradiating  nature.  In  fact,  these  dynamic  stud-
es  require  the  repetition  of  several  acquisitions  leading  to
n  increase  in  the  irradiation  when  compared  with  a  sin-
le  acquisition.  Nevertheless,  on  a peripheral  joint,  with
he  possibility  of  obtaining  low-dose  acquisitions  without
isturbing  the  interpretation  of  the  movement  [99], it  is
ossible  to  obtain  dynamic  acquisitions  with  an  effective
ose  under  1  mSv.  For  example,  for  the  study  of  the  kine-
atics  of  radio-ulnar  deviation  of  the  wrist  with  12-phase
olume  rendering  (80  kV,  11  mAs,  rotation  time  of  0.35  s,
cquisition  coverage  of  6  cm),  the  DLP  is  only  91.2  mGy  cm,
orresponding  to  an  effective  dose  of  0.02  mSv  (Fig.  9).  With
his  low  effective  dose,  it  is  possible  to  study  several  types
f  movement  (for  example  for  the  wrist:  ﬂexion/extension,
ightening,  ulnar  and  radial  deviation)  while  maintaining  a
otal  effective  dose  much  lower  than  1  mSv.  In  the  same
ay,  for  a  dynamic  exploration  of  the  ankle,  the  DLP  is
nder  200  mGy  cm,  corresponding  to  an  effective  dose  of
.046  mSv.
For  dynamic  explorations  of  the  hips  and  shoulders,
t  is  especially  important  to  reduce  the  dose  due  to  the
ptimisation  of  the  acquisition  parameters.  If  the  dynamic
xploration  only  involves  bone  segments,  the  high  natural
ontrast  of  the  bone  allows  for  a  considerable  reduction  in
he  kilovoltage  and  milliamps  [100]. It  is  also  important  to
educe  and  centre  the  acquisition  coverage  of  the  zone  of
nterest.  In  addition,  even  if  Hristrova  et  al.  [96]  demon-
trated  that  image  quality  is  improved  by  the  continuous
cquisition  of  data,  the  additional  irradiation  makes  acqui-
ition  in  intermittent  mode  preferable,  with  a  number  of
hases  in  general  limited  to  12.  On  the  pelvis,  this  allows
he  dose  of  irradiation  to  be  kept  at  less  than  10  mSv,  cor-
esponding  to  a standard  multiphase  abdominal  and  pelvic
xamination.
erfusion computed tomography (CT)
erfusion  CT  was  ﬁrst  described  a  great  many  years  ago
101].  Like  with  dynamic  examinations,  the  CT  perfusion  of
usculoskeletal  tumours  is  possible  due  to  an  improvement
n  the  temporal  resolution  of  multislice  CT  imaging  and  the
evelopment  of  multidetector  CT.  The  study  of  perfusion  by
T  combines  the  advantages  of  perfusion  imaging,  providing
ata  similar  to  that  provided  by  the  MRI  but  with  bet-
er  visualisation  of  the  bone  invasion  (periosteal  reaction,
ortical  break,  osteolysis),  the  femoral  necrosis  and  the
eovascularisation.  The  quantiﬁcation  of  perfusion  curves
y  CT  is  as  easy  as  with  MRI  [102]. This  tumoral  perfusion
ay  be  carried  out  in  spiral  mode  with  a  multislice  CT  due
o  a  2D  scanning  movement  [103]  or  in  ‘‘step-and-shoot’’
olume  rendering  with  a  multidetector  CT.  The  advantage
f  tumoral  perfusion  with  volume  rendering  is  that  it  is
btained  without  moving  the  table  and  therefore  there  are
ewer  movement  artefacts,  helping  improve  the  quality  of
he  reconstructions  and  perfusion  curves.  This  technique
382  A.  Gervaise  et  al.
Figure 9. Dynamic arthro-computed tomography (CT) of the left wrist in a 37-year-old man for an assessment of persistent pain at the
wrist following a trauma. Acquisition with a 320-slice CT with static acquisition of the arthro-CT with volume rendering (VR) with 80 kV,
50 mAs, rotation time at 0.5 s, thickness of the section 0.5 mm, 8 cm coverage for a dose-length product (DLP) of 25.7 mGy  cm,  then dynamic
acquisition during a movement of radio-ulnar deviation comprising 12 volume acquisitions with 80 kV, 11 mAs, rotation time of 0.35 s, 0.5 mm
section thickness and 6 cm coverage for a total DLP of 91.2 mGy cm. Frontal reformation of the arthro-CT in 1.5 mm section (a) revealing
a transﬁxing rupture of the lunotriquetral ligament. The 3D VR reformations of the dynamic CT (a: radial deviation; b: neutral position; c:
ulnar deviation) do not reveal instability of the carpus with dynamic movements of the radio-ulnar deviation of the wrist.
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Figure 10. Bone perfusion computed tomography (CT) in an 18-year-old man for an assessment of osteoid osteoma of the distal femoral
metaphysis of the left knee. Volume acquisition with a 320-slice CT of 15 phases (acquisition without injection then acquisition after injection
with nine phases every 5 s then ﬁve phases every 10 s) with 100 kV, 50 mAs, rotation time of 0,5 s, section thickness of 0.5 mm and 4 cm
coverage for a total dose-length product (DLP) total of 123 mGy cm. 0.5 mm axial sections in ﬁltered back projection (a), with AIDR iterative
reconstruction (b) and after temporal fusion of the different phases (c), 0.5 mm  axial sections at arterial time (phase 4) without (d) and
with bone subtraction (e) and perfusion curve (f). Note the deterioration in the quality of the native images (a) due to the major reduction
in the acquisition parameters and the improvement in image quality due to iterative reconstructions (b) and the temporal fusion technique
(c). Also note the hypervascularisation of the nidus of the osteoid osteoma with intense enhancement at arterial time, fully visible due to
the reconstructed images with bone subtraction (d). The hypervascular aspect of the enhancement of the nidus is also conﬁrmed by the
perfusion curve (f) of the nidus (green curve) when compared with the perfusion curve of a region of interest placed in the popliteal artery
(purple curve).
384  A.  Gervaise  et  al.
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lso  allows  for  use  of  the  ﬁst  acquisition  as  a  bone  subtrac-
ion  mask,  improving  the  detection  and  characterisation  of
one  anomalies.  However,  these  perfusion  studies  give  rise
o  a  high  increase  in  the  dose  delivered  [103]. The  protocol
s  optimised  by  reducing  the  coverage  of  the  CT  imaging,
y  limiting  the  number  of  acquisition  phases  and  by  adapt-
ng  the  acquisition  parameters  (reduction  in  the  kilovoltage
nd  milliamps).  However,  this  reduction  in  the  acquisition
arameters  leads  to  the  deterioration  of  image  quality.  This
ay  be  compensated  by  carrying  out  a  temporal  fusion  of
he  different  phases.  This  technique  allows  for  a  summation
f  several  images  derived  from  different  acquisition  phases
n  order  to  obtain  an  image  with  less  noise  and  of  better
uality  (Fig.  10).
In  our  institution,  we  have,  for  example,  studied  the
alue  of  tumoral  perfusion  in  the  diagnosis  and  monitor-
ng  of  osteoid  osteomas  [104]. In  this  disease,  the  MRI  may
e  faulty  [48]  and  the  use  of  CT  imaging  more  easily  indi-
ates  the  diagnosis  by  detecting  the  bone  reaction  around  a
mall  nidus.  In  addition  to  this  anatomic  data,  the  perfusion
T  detects  the  hypervascularisation  of  the  nidus  (Fig.  10).
he  subtraction  of  the  phases  after  injection  with  the  ﬁrst
cquisition  without  injection  allows  for  a  sequence  of  bone
ubtraction  revealing  the  bone  marrow  oedema  around  the
idus.  All  of  this  information,  usually  provided  by  the  MRI,  is
ow  accessible  with  CT  imaging.  Nevertheless,  the  value  and
ole  as  compared  with  the  MRI  has  to  be  assessed,  since  the
ndications  for  perfusion  CT  remain  limited  to  when  there  is
 doubt  as  to  the  diagnosis  in  view  of  the  irradiant  nature
f  this  technique  and  the  youth  of  the  patients  monitored.
o  control  the  dose  of  irradiation,  we  target  the  zone  of  CT
overage  at  the  zone  of  interest  (only  4  to  8  cm  sufﬁces).
oreover,  we  choose  a  kV  and  mAs  adapted  to  the  mor-
hotype  of  the  patient  and  the  anatomic  zone.  The  number
f  phases  is  also  limited  to  15  or  16,  with  an  acquisition
very  5  s  pour  for  the  ﬁrst  nine  phases  (arterial  phases)  and
hen  every  10  s.  All  of  these  measures  allow  for  a  perfusion
T  with  a  total  DLP  generally  between  100  and  500  mGy  cm
Figs.  10  and  11).
a
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oual energy computed tomography (CT)
ual  energy  CT  is  based  on  the  acquisition  of  two  super-
mposable  images  with  two  different  kilovoltages.  Based  on
hese  native  images,  it  is  possible  to  reconstruct  a  virtual
mage  corresponding  to  any  voltage  of  the  x  tube  [6].  Each
anufacturer  proposes  dual  energy  acquisitions  on  their  CT.
owever,  the  techniques  used  often  differ.  This  accounts  for
he  differences  in  terms  of  performance  and  clinical  applica-
ions  between  these  techniques.  For  Siemens,  dual  energy
cquisition  is  obtained  from  a  bi-tube  CT.  With  each  rota-
ion,  this  allows  for  an  image  to  be  obtained  with  one  tube
et  at  80  kV  and  the  other  at  140  kV.  For  the  other  manu-
acturers,  only  one  tube  is  used  to  create  the  dual  energy.
eneral  Electrics  uses  a  generator  that  allows  for  a  switch
n  0.5  ms  between  high  and  low  voltage.  It  is  thereby  possi-
le,  during  a  single  rotation,  to  switch  500  times  and  obtain
wo  series  of  raw  data  in  order  to  reconstruct  two  images,
ne  at  80  kV  and  the  other  at  140  kV.  As  for  Toshiba,  it
eneﬁts  from  the  wide  coverage  of  its  system  of  detection
16  cm  per  revolution)  to  propose  two  consecutive  revolu-
ions  with  a  change  in  voltage  between  both  revolutions.
inally,  Philips  uses  a  double  layer  of  detector,  the  ﬁrst
easuring  all  of  the  rays  transmitted  and  the  second  only
easuring  the  hardest  beams  [105]. Several  applications  of
he  dual  energy  CT  in  the  osteoarticular  domain  are  now  clin-
cally  available  although  still  in  the  assessment  phase  [6]:
mprovement  in  tissue  characterisation,  bone  subtraction,
ifferentiation  of  bone  and  iodine  contrast  product  or  even
eduction  of  metallic  artefacts.  The  improvement  in  tissue
haracterisation  was  ﬁrst  used  for  the  detection  and  char-
cterisation  of  urate  deposits  in  gout  [106,107].  An  initial
tudy  by  Nicolaou  et  al.  [108]  demonstrated  that  the  dual
nergy  acquisition  of  all  peripheral  joints  (elbows,  wrists,
ands,  knees,  ankles  and  feet)  provides  good  sensitivity
nd  good  speciﬁcity  in  the  detection  of  locations  of  topa-
eous  gout  while  the  total  effective  dose  ranged  from  only
 to  3  mSv.  Another  dual  energy  application  is  the  possibility
f  obtaining  reconstructions  in  bone  subtraction.  It  is  then
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Figure 11. Perfusion computed tomography (CT) of a 68-year-old man presenting a glomic tumour of the left thumb. Volume acquisition
with a 320-slice CT and 17 phases (acquisition without injection and then acquisition after injection with 10 phases every 5 s then six phases
every 10 s) with 80 kV, 40 mAs, rotation time of 0.5 s, section thickness of 0.5 mm and 4 cm cover for a total dose-length product (DLP)
of 274 mGy cm. Sagittal reformations in 1.5 mm section after injection (phase 7) without (a) and with bone subtraction (b), 3D volume
rendering (VR) reformation with bone subtraction (c) and map of tumoral perfusion of the blood volume (d). Note the excellent visualisation
 well 
C
C
u
T
d
e
a
f
rof the glomic tumour due to the images in bone subtraction (b) as
vascularisation of the thumb (c).
possible  to  detect  the  bone  marrow  oedema.  Pache  et  al.
[109]  demonstrated  that  it  was  possible  to  detect  post-
traumatic  bone  marrow  oedema  in  knee  CT  imaging,  with  an
increase  in  irradiation  of  about  28%  compared  with  a  con-
ventional  CT.  The  dual  energy  bone  CT  may  also  become
an  alternative  in  case  of  counter-indication  for  an  MRI  or  if
it  is  unavailable.  However,  clinical  studies  are  required  to
specify  the  role  of  this  technique  compared  with  the  MRI.
Subhas  et  al.  [67]  demonstrated  that  the  use  of  dual  energy
on  a  shoulder  arthro-CT  provides  a  better  signal  to  noise
ratio  with  an  equivalent  dose.  Finally,  with  a  dose  equivalent
that  of  a  standard  single  energy  acquisition,  Bamberg  et  al.
[110]  demonstrated  that  the  use  of  dual  energy  allowed  for
a  reduction  in  prosthesis-related  metallic  artefacts.
r
o
a
tas the high quality of the 3D VR reformations revealing the distal
onclusion
omputed  tomography  is  an  imaging  technique  that  contin-
es  to  beneﬁt  from  a  great  deal  of  technological  progress.
hese  technological  developments,  in  particular  with  the
evelopment  of  iterative  reconstructions,  provide  a  consid-
rable  reduction  in  the  dose  delivered  to  the  patient.  They
lso  make  it  possible  to  access  new  applications  such  as  per-
usion  CT  or  dynamic  CT.  The  modern  techniques  for  dose
eduction  are  of  special  interest  in  applications  that  involve
epeated  acquisition  phases.  Nevertheless,  the  optimisation
f  the  milliamps  and  kilovoltage,  the  limitation  in  the  cover-
ge  of  CT  as  well  as  compliance  with  the  indications  are  still
he  main  ways  to  limit  the  doses  delivered  to  patients.  These
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ew  indications  and  the  possibility  of  obtaining  low-dose  or
ven  very  low-dose  acquisitions,  while  maintaining  excel-
ent  image  quality,  give  CT  a  major  role  in  musculoskeletal
isease.  While  CT  has  already  replaced  the  standard  X-ray
ssessment  in  certain  indications,  its  role  with  respect  to
on-irradiating  imaging  techniques,  such  as  the  MRI,  still  has
o  be  deﬁned.
isclosure of interest
he  authors  declare  that  they  have  no  conﬂicts  of  interest
oncerning  this  article.
eferences
[1] Blum A, Walter F, Ludig T, Zhu X, Roland J. Scanners multi-
coupes : principes et nouvelles applications scanographiques.
J Radiol 2000;81:1597—614.
[2] Cotten A, Iochum S, Blum A. 3D imaging in musculoskeletal
system. In: Baert AL, Caramella D, Bartolozzi C, editors. 3D
image processing. Techniques and clinical applications. Berlin
Heidelberg, New York: Springer; 2002. p. 247—55.
[3] Fayad LM, Bluemke DA, Fishman EK. Musculoskeletal imaging
with computed tomography and magnetic resonance imaging:
when is computed tomography the study of choice? Curr Probl
Diagn Radiol 2005;34:220—37.
[4] West ATH, Marshall TJ, Bearcroft PW. CT of the muscu-
loskeletal system: what is left is the days of MRI? Eur Radiol
2009;19:152—64.
[5] Iochum S, Ludig T, Walter F, Fuchs A, Henrot P, Blum A. Intérêt
de la technique de rendu volumique en pathologie ostéoartic-
ulaire. J Radiol 2001;82:221—30.
[6] Karcaaltincaba M, Aktas A. Dual energy CT revisited with mul-
tidetector CT: review of principles and clinical applications.
Diagn Interv Radiol 2011;17:181—94.
[7] Oldrini G, Lombard V, Roch D, Detreille R, Lecocq S, Louis M,
et al. Courbes de rehaussement des tumeurs osseuses et des
parties molles : comparaison entre scanner et IRM (abstract).
J Radiol 2009;90:1578.
[8] Goh V, Padhani AR. Imaging tumor angiogenesis: func-
tional assessment using MDCT or MRI? Abdom Imaging
2006;31:194—9.
[9] Semelka RC, Armao DM, Elias J, Huda W. Imaging strategies to
reduce the risk of radiation in CT studies, including selective
substitution with MRI. J Magn Reson Imaging 2007;25:900—9.
[10] Gervaise A, Osemont B, Lecocq S, Noel A, Micard E, Fel-
blinger J, et al. CT image quality improvement using adaptive
iterative dose reduction with wide-volume acquisition on 320-
detector CT. Eur Radiol 2012;22:295—301.
[11] International Commission on Radiological Protection. Recom-
mendations of the International Commission on Radiological
Protection. ICRP Publication 60. Oxford: Pergamon; 1991.
[12] European Commission. European guidelines on quality criteria
for computed tomography. Report EUR 16262. Luxembourg,
1999.
[13] Shrimpton PC, Edyvean S. CT scanner dosimetry. Br J Radiol
1998;71:1—3.
[14] Hidajat N, Wolf M, Nunnemann A, Liersch P, Gebauer B, Teich-
gräber U, et al. Survey of conventional and spiral CT doses.
Radiology 2001;218:395—401.
[15] Bongartz G, Golding SJ, Jurik AG, Leonardi M, van Persijn
van Meerten M, Rodríguez R, et al. European Guidelines for
Multislice Computed Tomography. Funded by the European
Commission (Contract number FIGMCT2000-20078-CT-TIP).
2004.A.  Gervaise  et  al.
[16] Arrêté du 24 octobre 2011 relatif aux niveaux de références
diagnostiques en radiologie et en médecine nucléaire. Journal
ofﬁciel de la république franc¸aise, 14 janvier 2012.
[17] Horger M, Claussen CD, Bross-Bach U, Vonthein R, Trabold T,
Heuschmid M, et al. Whole-body low-dose multidetector row
CT in the diagnosis of multiple myeloma: an alternative to
conventional radiography. Eur J Radiol 2005;54:289—97.
[18] Gleeson TG, Moriarty J, Shortt CP, Gleeson JP, Fitzpatrick P,
Byrne B, et al. Accuracy of whole-body low-dose multide-
tector CT (WBLDCT) versus skeletal survey in the detection
of myelomatous lesions, and correlation of disease dis-
tribution with whole-body MRI (WBMRI). Skeletal Radiol
2009;38:225—36.
[19] Damilakis J, Adams JE, Guglielmi G, Link TM. Radiation expo-
sure in X-ray-based imaging techniques used in osteoporosis.
Eur Radiol 2001;20:2707—14.
[20] Mettler FA, Huda W, Yoshizumi TT, Mahesh M. Effective doses
in radiology and diagnostic nuclear medicine: a catalog. Radi-
ology 2008;248:254—63.
[21] Pantos I, Thalassinou S, Argentos S, Kelekis NL, Panayiotakis
G, Efstathopoulos EP. Adult patient radiation doses from non-
cardiac CT examinations: a review of published results. Br J
Radiol 2011;84:293—303.
[22] Biswas D, Bible JE, Bohan M, Simpson AK, Whang PG, Grauer
JN. Radiation exposure from musculoskeletal computerized
tomographic scans. J Bone Joint Surg Am 2009;91:1882—9.
[23] Galanski M, Nagel HD, Stamm G. CT radiation exposure risk in
Germany. Rofo 2001;173:R1—66.
[24] Thomton FJ, Paulson EK, Yoshizumi TT, Frush DP, Nelson RC.
Single versus multidetector row CT: comparison of radiation
doses and dose proﬁles. Acad Radiol 2003;10:379—85.
[25] Mori S, Endo M, Nishizawa K, Murase K, Fujiwara H, Tanada S.
Comparison of patient doses in 256-slice CT and 16-slice CT
scanners. Br J Radiol 2006;79:56—61.
[26] Jaffe TA, Yoshizumi TT, Toncheva G, Anderson-Evans C, Lowry
C, Miller CM, et al. Radiation dose for body CT protocols:
variability of scanners at one institution. AJR Am J Roentgenol
2009;193:1141—7.
[27] Fuji K, Aoyama T, Yamauchi-Kawaura C, Koyama S, Yamauchi
M, Ko S, et al. Radiation dose evaluation in 64-slice CT exami-
nations with adult and paediatric anthropomorphic phantoms.
Br J Radiol 2009;82:1010—8.
[28] Brenner DJ, Hall EJ. Computed tomography an increasing
source of radiation exposure. N Engl J Med 2007;357:2277—84.
[29] Richards PJ, George J, Metelko M, Brown M. Spine com-
puted tomography doses and cancer induction. Spine
2010;35:430—3.
[30] Blum A, Noel A, Winninger D, Batch T, Ludig T, Ferquel G,
et al. Dose optimization and reduction in CT of the muscu-
loskeletal system including the spine. In: Tack D, Genevois
PA, editors. Radiation dose from adult and pediatric multi-
detector computed tomography. Berlin: Springer; 2007. p.
185—94.
[31] Gervaise A, Teixeira P, Villani N, Lecocq S, Louis M, Blum
A. Dose optimization and reduction in musculoskeletal CT
including the spine. In: Tack D, Kalra M, Genevois PA,
editors. Radiation dose from adult and pediatric multide-
tector computed tomography. 2nd ed Berlin: Springer; 2012,
in press.
[32] International Commission on Radiological Protection. Rec-
ommendations of the International Commission on Radio-
logical Protection. ICRP Publication 26. Oxford: Pergamon;
1977.
[33] European Community. Council Directive 97/43/EURATOM, 30
June 1997, on health protection of individuals against the
dangers of ionizing radiation in relation to medical expo-
sure (repealing Directive 84/466/Euratom). Off J Eur Commun
1997;L18040:22—7.
 CT  dose  optimisation  and  reduction  in  osteoarticular  disease
[34] Kalra MK, Maher MM, Toth TL, Hamberg LM, Blake MA, Shep-
ard JA, et al. Strategies for CT radiation dose optimization.
Radiology 2004;230:619—28.
[35] McCollough CH, Primak AN, Braun N, Koﬂer J, Yu L, Christner
J. Strategies for reducing radiation dose in CT. Radiol Clin
North Am 2009;47:27—40.
[36] Lee TY, Chhem RK. Impact of new technologies on dose reduc-
tion in CT. Eur J Radiol 2010;76:28—35.
[37] Singh S, Kalra MK, Thrall JH, Mahesh M. CT radiation dose
reduction by modifying primary factors. J Am Coll Radiol
2011;8:369—72.
[38] Dougeni E, Faulkner K, Panayiotakis G. A review of patient
dose and optimization methods in adult and paediatric CT
scanning. Eur J Radiol 2012;81:665—83.
[39] Wallace AB, Goergen SK, Schick D, Soblusky T, Jolley D. Mul-
tidetector CT dose: clincal pratice improvement strategies
from a successful optimization program. J Am Coll Radiol
2010;7:614—24.
[40] Brenner DJ, Shuryak I, Einstein AJ. Impact of reduced patient
life expectancy on potential cancer risks from radiologic
imaging. Radiology 2011;261:193—8.
[41] Tamm EP, Rong XJ, Cody DD, Ernst RD, Fitzgerald NE, Kun-
dra V. Quality initiatives: CT radiation dose reduction: how
to implement change without sacriﬁcing diagnostic quality.
Radiographics 2011;31:1823—32.
[42] Amis ES. CT radiation dose: trending in the right direction.
Radiology 2011;261:5—8.
[43] Borgen L, Ostense H, Stranden E, Olerud HM, Gudmundsen TE.
Shift in imaging modalities of the spine through 25 years and
its impact on patient ionizing radiation doses. Eur J Radiol
2006;60:115—9.
[44] Oikarinen H, Meriläinen S, Pääkkö E, Karttunen A, Niemi-
nen MT, Tervonen O. Unjustiﬁed CT examinations in young
patients. Eur Radiol 2009;19:1161—5.
[45] Clarke JC, Cranley K, Kelly BE, Bell K, Smith PH. Provision of
MRI can signiﬁcantly reduce CT collective dose. Br J Radiol
2001;74:926—31.
[46] Tins BJ, Cassar-Pullicino VN, Lalam RK. Magnetic reso-
nance imaging of spinal infection. Top Magn Reson Imaging
2007;18:213—22.
[47] Memarsadeghi M, Breitenseher MJ, Schaefer-Prokop C, Weber
M, Aldrian S, Gäbler C, et al. Occult scaphoid fractures: CT
versus MR imaging. Radiology 2006;240:169—76.
[48] Liu PT, Chivers FS, Roberts CC, Schultz CJ, Beauchamp
CP. Imaging of osteoid osteoma with dynamic gadolinium-
enhanced MR imaging. Radiology 2003;227:691—700.
[49] Argin M, Isayev H, Kececi B, Arkun R, Sabah D. Multidetector
row computed tomographic angiography ﬁndings of muscu-
loskeletal tumors: retrospective analysis and correlation with
surgical ﬁndings. Acta Radiol 2009;50:1150—9.
[50] Thévenin FS, Drapé JL, Biau D, Campagna R, Richarme D,
Guerini H, et al. Assessment of vascular invasion by bone and
soft tissue tumors of the limbs: usefulness of MDCT angiogra-
phy. Eur Radiol 2010;20:1524—31.
[51] Omoumi P, Mercier GA, Lecouvet F, Simoni P, Vande Berg
BC. CT arthrography, MR arthrography, PET, and scintig-
raphy in osteoarthritis. Radiol Clin North Am 2009;47:
595—615.
[52] Wyler A, Bousson V, Bergot C, Polivka M, Leveque E, Vicaut E,
et al. Comparison of MR arthrography and CT arthrography
in hyaline cartilage-thickness measurement in radiographi-
cally normal cadaver hips with anatomy as gold standard.
Osteoarthritis Cartilage 2009;17:19—25.
[53] Moser T, Dosch JC, Moussaoui A, Dietemann JL. Wrist liga-
ment tears: evaluation of MRI and combined MDCT and MR
arthrography. AJR Am J Roentgenol 2007;188:1278—86.
[54] Kim YJ, Choi JA, Oh JH, Hwang SI, Hong SH, Kang HS. Supe-
rior labral anteroposterior tears: accuracy and interobserver387
reliability of multidetector CT arthrography CT for diagnosis.
Radiology 2011;260:207—15.
[55] Rehani MM, Bongartz G, Kalender W. Managing X-ray dose in
computed tomography: ICRP special task force report. Ann
ICRP 2000;30:7—45.
[56] Kalra MK, Toth TL. Patient centering in MDCT: dose effects.
In: Tack D, Genevois PA, editors. Radiation dose from adult
and pediatric multidetector computed tomography. Berlin:
Springer; 2007. p. 129—32.
[57] Li J, Udayasankar UK, Toth TL, Seamans J, Small WC,  Kalra
MK. Automatic patient centering for MDCT: effect on radiation
dose. AJR Am J Roentgenol 2007;188:547—52.
[58] Mahesh M. Scan parameters and image quality in MDCT. In:
Mahesh M, editor. MDCT physics: the basics — Technology,
image quality and radiation dose. Philadelphia: Lippincott
Williams & Wilkins; 2009. p. 47—78.
[59] Perisinakis K, Papadakis AE, Damilakis J. The effect of X-ray
beam quality and geometry on radiation utilization efﬁciency
in multidetector CT imaging. Med Phys 2009;36:1258—66.
[60] Mori S, Nishizawa K, Kondo C, Ohno M, Akahane K, Endo M.
Effective doses in subjects undergoing computed tomogra-
phy cardiac imaging with the 256-multislice CT scanner. Eur
J Radiol 2008;65:442—8.
[61] Gervaise A, Louis M, Batch T, Lœuille D, Noel A, Guillemin F,
et al. Réduction de dose dans l’exploration du rachis lombaire
grâce au scanner 320-détecteurs : étude initiale. J Radiol
2010;91:779—85.
[62] van der Molen AJ, Geleijns J. Overranging in multisection CT:
quantiﬁcation and relative contribution to dose - comparison
of four 16-section CT scanners. Radiology 2007;242:208—16.
[63] Schilham A, van der Molen AJ, Prokop M, Jong HW. Overran-
ging at multisection CT: an underestimated source of excess
radiation exposure. Radiographics 2010;30:1057—67.
[64] Kalender WA, Deak P, Kellermeier M, van Straten M, Vollmar
SV. Application and patient size-dependent optimization of
X-ray spectra for CT. Med Phys 2009;36:993—1007.
[65] Noël A, Ottenin MA, Germain C, Soler M, Villani N, Grosprêtre
O, et al. Comparison of irradiation for tomosynthesis and CT
of the wrist. J Radiol 2011;92:32—9.
[66] Gervaise A, Esperabe-Vignau F, Naulet P, Pernin M, Portron
Y, Lapierre-Combes M. Évaluation des connaissances des pre-
scripteurs de scanner en matière de radioprotection des
patients. J Radiol 2011;92:681—7.
[67] Subhas N, Freire M, Primak AN, Polster JM, Recht MP, Davros
WJ, et al. CT arthrography: in vitro evaluation of single and
dual energy for optimization of technique. Skeletal Radiol
2010;39:1025—31.
[68] Nakaura T, Awai K, Oda S, Yanaga Y, Namimoto T, Harada
K, et al. A low-kilovolt (peak) high tube current technique
improves venous enhancement and reduces the radiation dose
at indirect multidetector row CT venography: initial experi-
ence. J Comput Assist tomogr 2011;35:141—7.
[69] Mulkens TH, Marchal P, Daineffe S, Salgado R, Bellinck P, te
Rijdt B, et al. Comparison of low-dose with standard-dose
multidetector CT in cervical spine trauma. Am J Neuroradiol
2007;28:1444—50.
[70] Kröpil P, Fenk R, Fritz LB, Blondin D, Kobbe G, Mödder U,
et al. Comparison of whole-body 64-slice multidetector com-
puted tomography and conventional radiography in staging of
multiple myeloma. Eur Radiol 2008;18:51—8.
[71] Abul-Kasim K, Gunnarsson M, Maly P, Ohlin A, Sundgren PC.
Radiation dose optimization in CT planning of corrective scoli-
osis surgery. A phantom study. Neuroradiol J 2008;21:374—82.
[72] Damilakis J, Adams JE, guglielmi G, Link TM. Radiation expo-
sure in X-ray-based imaging techniques used in osteoporosis.
Eur Radiol 2010;20:2707—14.
[73] Bohy P, de Maertelaer V, Roquigny A, Keyzer C, Tack D,
Genevois PA, et al. in patients suspected of having lumbar
388  
disk herniation: comparison of standard-dose and simulated
low-dose techniques. Radiology 2005;244:524—31.
[74] McCollough CH, Bruesewitz MR, Koﬂer JM. CT dose reduction
and dose management tools: overview of available options.
Radiographics 2006;26:503—12.
[75] van Straten M, Deak P, Shrimpton PC, Kalender WA. The effect
of angular and longitudinal tube current modulations on the
estimation of organ and effective doses in X-ray computed
tomography. Med Phys 2009;36:4881—9.
[76] Mulkens TH, Bellinck P, Baeyaert M, Ghysen D, Van
Dijck X, Mussen E, et al. Use of an automatic exposure
control mechanism for dose optimization in multidetec-
tor row CT examinations: clinical evaluation. Radiology
2005;237:213—23.
[77] Mastora I, Rémy-Jardin M, Seuss C, Scherf C, Guillot JP, Rémy
J. Dose reduction in spiral CT angiography of thoracic outlet
syndrome by anatomically adapted tube current modulation.
Eur Radiol 2001;11:590—6.
[78] Nagel HD. CT parameters that inﬂuence the radiation dose.
In: Tack D, Genevois PA, editors. Radiation dose from adult
and pediatric multidetector computed tomography. Berlin:
Springer; 2007. p. 51—79.
[79] Stradiotti P, Curti A, Castellazzi G, Zerbi A. Metal-related
artifacts in instrumented spine. Techniques for reducing arti-
facts in CT and MRI: state of the art. Eur Spine J 2009;18:
S102—8.
[80] von Falck C, Galanski M, Shin H. Sliding-thin-slab aver-
aging for improved depiction of low-contrast lesions with
radiation dose savings at thin-section CT. Radiographics
2010;30:317—26.
[81] McNitt-Gray MF. AAPM/RSNA physics tutorial for resi-
dents: topics in CT. Radiation dose in CT. Radiographics
2002;22:1541—53.
[82] Walter F, Ludig T, Iochum S, Blum A. Multidectector CT in
musculoskeletal disorders. JBR-BTR 2003;86:6—11.
[83] Blum A. Scanner volumique multicoupe : principes applica-
tions et perspectives. JBR-BTR 2002;85:82—99.
[84] Hara AK, Paden RG, Silva AC, Kujak JL, Lawder HJ, Pavlicek
W.  Iterative reconstruction technique for reducing body radi-
ation dose at CT: feasibility study. AJR Am J Roentgenol
2009;193:764—71.
[85] Silva A, Lawder H, Hara A, Kujak J, Pavlicek W. Innovations in
CT dose reduction strategy: application of the adaptive statis-
tical iterative reconstruction algorithm. AJR Am J Roentgenol
2009;194:191—9.
[86] Gervaise A. Impact des algorithmes itératifs de reconstruction
sur l’interprétation des images en scanographie. 50e Journées
scientiﬁques de la SFPM. Nantes, 9 juin 2011.
[87] Boas FE, Fleischmann D. Evaluation of two iterative tech-
niques for reducing metal artifacts in computed tomography.
Radiology 2011;259:894—902.
[88] Buckwalter KA, Lin C, Ford JM. Managing postopera-
tive artifacts on computed tomography and magnetic
resonance imaging. Semin Musculoskelet Radiol 2011;15:
309—19.
[89] Stierstorfer K, Kuhn U, Wolf H, Petersilka M, Suess C, Flohr
T. Principle and performance of a dynamic collimation tech-
nique for spiral CT. (abstract) In: Radiological Society of North
America scientiﬁc assembly and annual meeting program. Oak
Brook, IL: Radiological Society of North America, 2007, SSA16-
04.
[90] Christner JA, Zavaletta VA, Eusemann CD, Walz-FlanniganAI,
McCollough CH. Dose reduction in helical CT: dynami-
cally adjustable z-axis X-ray beam collimation. AJR Am J
Roentgenol 2010;194:W49—55.
[91] Wolfe SW, Neu C, Crisco JJ. In vivo scaphoid, lunate and cap-
itate kinematics in ﬂexion and in extension. J Hand Surg Am
2000;25:860—9.A.  Gervaise  et  al.
[92] Moojen TM, Snel JG, Ritt MJ, Venema HW, Kauer JM, Bos KE.
In vivo analysis of carpal kinematics and comparative review
of the literature. J Hand Surg Am 2003;28:81—7.
[93] Foumani M, Strackee SD, Jonges R, Blankevoort L, Zwin-
derman AH, Carelsen B, et al. In vivo three-dimensional
carpal bone kinematics during ﬂexion-extension and radio-
ulnar deviation of the wrist: dynamic motion versus step-wise
static wrist positions. J Biomech 2009;42:2664—71.
[94] Berdia S, Short WH, Wermer FW,  Green JK, Panjabi M.
The hysteresis effect in carpal kinematics. J Hand Surg Am
2006;31:594—600.
[95] Short WH, Werner FW, Fortino MD, Mann KA. Analysis of the
kinematics of the scaphoid and lunate in the intact wrist joint.
Hand Clin 1997;13:93—108.
[96] Hristova L, Batch T, Blum A. Analyse des artefacts de mouve-
ment de l’exploration dynamique et volumique au scanner
320 barrettes (abstract). J Radiol 2009;90:1583.
[97] Blum A, Lecocq S, Roch D, Louis M, Batch T, Dab F, et al.
Étude cinématique du poignet en 3D et 4D avec un scanner
320 canaux. In: SIMS Opus XXXVI Poignet et main. Montpellier:
Sauramps médical; 2009 [p. 375—89].
[98] Tay SC, Primak AN, Fletcher JG, Schmidt B, Amrami KK, Berger
RA, et al. Four-dimensional computed tomographic imaging in
the wrist: proof of feasibility in a cadaveric model. Skeletal
Radiol 2007;36:1163—9.
[99] Snel JG, Venema HW, Moojen TM, Ritt JP, Grimbergen CA, den
Heeten GJ. Quantitative in vivo analysis of the kinematics
of carpal bones from three-dimensional CT images using a
deformable surface model and a three-dimensional matching
technique. Med Phys 2000;27:2037—47.
[100] Gurung J, Khan MF, Maataoui A, Herzog C, Bux R, Bratzke H,
et al. Multislice CT of the pelvis: dose reduction with regard to
image quality using 16-row CT. Eur Radiol 2005;15:1898—905.
[101] Levine E, Neff JR. Dynamic computed tomography scanning
of benign bone lesions: preliminary results. Skeletal Radiol
1983;9:238—45.
[102] Miles KA, Charnsangavej C, Lee F, Fishman E, Horton K, Lee
TY. Application of CT in the investigation of angiogenesis in
oncology. Acad Radiol 2001;7:840—50.
[103] Ketelsen D, Horger M, Buchgeister M, Fenchel M, Thomas C,
Boehringer N, et al. Estimation of radiation exposure of 128-
slice 4D-perfusion CT for the assessment of tumor vascularity.
Korean J Radiol 2010;11:547—52.
[104] Heck O, Louis M, Wassel J, Lecocq S, Gondim-Teixeira P, Moisei
A, et al. Apport du scanner volumique dynamique dans le diag-
nostic d’ostéome ostéoïde. Paris: Poster journées franc¸aises
de radiologie; 2010.
[105] Lefevre JE, Harbourg B. Mieux voir, plus rapidement et avec
moins de dose. Rapport de la Société franc¸aise de radiologie
2010; http://www.sfrnet.org
[106] Flohr TG, McCollough CH, Bruder H, Petersilka M, Gruber K,
Süss C, et al. First performance evaluation of a dual-source
CT (DSCT) system. Eur Radiol 2006;16:256—68.
[107] Choi HK, Al-Arfaj AM, Eftekhari A, Munk PL, Shojania K, Reid
G, et al. Dual energy computed tomography in tophaceous
gout. Ann Rheum Dis 2009;68:1609—12.
[108] Nicolaou S, Yong-Hing CJ, Galea-Soler S, Hou DJ, Louis L,
Munk P. Dual energy CT as a potential new diagnostic tool
in the management of gout in the acute setting. AJR Am J
Roentgenol 2010;194:1072—8.
[109] Pache G, Krauss B, Strohm P, Saueressig U, Blanke P, Bulla S,
et al. Dual energy CT virtual non-calcium technique: detec-
ting post-traumatic bone marrow lesions-feasibility study.
Radiology 2010;256:617—24.[110] Bamberg F, Dierks A, Nikolaou K, Reiser MF, Becker CR, John-
son TRC. Metal artefact reduction by dual energy computed
tomography using monoenergetic extrapolation. Eur Radiol
2011;21:1424—9.
